Virus inactivation by chemical disinfectants is an important instrument for infection control in medical settings, but the mechanisms involved are poorly understood. In this study, we systematically investigated the effects of several antiviral treatments on hepatitis C virus (HCV) particles as model for enveloped viruses. Studies were performed with authentic cell culture-derived viruses, and the influence of chemical disinfectants, heat, and UV treatment on HCV was analyzed by the determination of infectious particles in a limiting-dilution assay, by quantitative reverse transcription-PCR, by core enzyme-linked immunosorbent assay, and by proteolytic protection assay. All different inactivation methods resulted in a loss of HCV infectivity by targeting different parts of the virus particle. Alcohols such as ethanol and 2-propanol did not affect the viral RNA genome integrity but disrupted the viral envelope membrane in a capsid protection assay. Heat and UV treatment of HCV particles resulted in direct damage of the viral genome since transfection of viral particle-associated RNA into permissive cells did not initiate RNA replication. In addition, heat incubation at 80°C disrupted the HCV envelope, rendering the viral capsid susceptible to proteolytic digest. This study demonstrated the molecular processes of viral inactivation of an enveloped virus and should facilitate the development of effective disinfection strategies in infection control not only against HCV but also against other enveloped viruses.
V
irus inactivation procedures apply numerous treatment methods, for instance, chemical inactivation, heat, or UV irradiation. Although these methods have been widely used for a long time in industrial processes and public health systems, the understanding of the viral inactivation mechanisms remains relatively low. All viruses with the exception of iridoviruses can be assigned to either enveloped or nonenveloped viruses and are composed of a protein structure protecting the viral nucleic acid genome. Therefore, inactivation methods target either the lipid envelope membrane, the viral capsid, and/or the viral genome. Hepatitis C virus (HCV) is an enveloped, positive-strand RNA virus belonging to the family of Flaviviridae. Its 9.6-kb genome is composed of the 5=-untranslated region (5= UTR), an open reading frame encoding a large polyprotein, and the 3= UTR (1) . The polyprotein is cleaved into 10 individual proteins with the structural proteins building up the virus particle (Core, E1, and E2) and the nonstructural proteins required for RNA replication. HCV infection is considered a global health problem, with an estimated 170 million people infected worldwide (2) . Once a chronic infection is established, there is a high risk for developing severe liver damage, including hepatic steatosis, fibrosis, cirrhosis, and hepatocellular carcinoma (3) . In the last couple of years, treatment options have been improved, especially since the approval of direct-acting antivirals that could be used without interferon on an all oral combination therapy (4) . However, there is still no protective vaccine available, rendering healthcare workers at a constant risk of acquiring HCV from occupational exposure. In addition, nosocomial transmission of HCV still accounts for a large proportion of new HCV infections each year (5) (6) (7) (8) (9) . Together with needle stick injuries or injections with contaminated syringes, especially among intravenous drug users, which constitutes the main route of infection in developed countries (10) , as well as other transmission routes involving vertical and sexual transmission (11) (12) (13) , approximately three to four million people are newly infected each year (14) .
Different studies have recently evaluated the environmental stability of HCV and its susceptibility to chemical biocides in quantitative suspension assays (15) (16) (17) (18) (19) or on dried surfaces (20, 21) . However, virus inactivation mechanisms of these and other procedures and the question of which parts of the virus particles are specifically disrupted have not been addressed. Therefore, with the help of a productive HCV cell culture system, we analyzed the effect of several inactivation methods on the HCV particle and show that different disinfectant procedures target different parts of the virus. A detailed understanding of the molecular processes involved in viral inactivation will assist the development of effective disinfection strategies against HCV.
were harvested after 48, 72, and 96 h and concentrated using centricons (Centricon Plus-70; Millipore, USA). For the determination of viral infectivity, cell-free supernatants were used to infect naive Huh7.5 target cells. Disinfectants and inactivation methods. For viral disinfection, the following disinfectants were used: 5% Triton X-100 (Carl Roth GmbH, Karlsruhe, Germany), 100% ethanol (Carl Roth), 2-propanol (Carl Roth), povidone-iodide (PVP-I) (Betaisodona; Mundipharma GmbH, Limburg an der Lahn, Germany). For heat inactivation, Jc1 virus stock was first diluted 1:10 with DMEM and then heated at 80°C for 5 min. For UV inactivation, Jc1 virus stock was diluted 1:10 with DMEM and subsequently irradiated in a six-well cell culture dish at an intensity of 0.6 J/cm 2 using a UV-cross-linker CX-2000 (UVP).
Virucidal activity experiments, virus titration, and controls. To determine the effect of inactivation procedures on viral infectivity, virucidal suspension experiments were performed. Virus was incubated with chemical disinfectants at a ratio of 1:10 for 1 min at room temperature or were treated as described above. As a control, virus was incubated with DMEM. After the incubation period, target cells were infected in a limiting dilution assay on Huh7.5 cells. The 50% tissue culture infectious dose (TCID 50 ) was determined at 72 h postinfection as described previously (25) . As an interference control, the cell culture medium of Huh7.5 cell was therefore replaced by a nontoxic dilution of the test substance, followed by incubation for 1 h at 37°C. As a corresponding negative control, cell cultures were exposed to phosphate-buffered saline (PBS) in the same manner as to the disinfectant in the nontoxic concentration and were incubated for 1 h under the same conditions. After the incubation, the disinfectant dilution or the PBS was removed from the cell cultures. Afterward, the titers of a test virus suspension were determined on these cell cultures (26) . To determine the cytotoxicity of the disinfectants, one part of the PBS was mixed with nine parts of the disinfectant, followed by inoculation onto permissive cells. The cytotoxicity was determined by examining target cells by microscopy for any significant changes of the cell monolayer. The cytotoxicity was calculated in analogy to the determination of virus titer (TCID 50 /ml).
Quantitative detection of HCV RNA and core protein.
To measure HCV-specific RNA, the viral RNA was isolated using a High-Pure viral RNA kit (Roche, Mannheim, Germany) according to the manufacturer's recommendations. For the reverse transcription-PCR (RT-PCR), a LightCycler 480 RNA master hydrolysis probe kit (Roche, Mannheim, Germany) was used with JFH1-specific probe A-195 (TIB Molbiol, Berlin, Germany) and the primers S-147 and A-221 (MWG-Biotech) as described previously (25) . Measurement was conducted at the LightCycler 480 (Roche). To quantify the HCV core protein, the samples were inactivated with 1% (vol/vol) Triton X-100 in PBS, and core protein levels were measured using a core-specific enzyme-linked immunosorbent assay (ELISA) (27) .
Proteolytic digestion and proteolytic protection assay. Samples were treated with 50 g of proteinase K (PK; Roche)/ml for 1 h on ice. To determine the amount of protease-resistant core protein after disinfectant treatment, 50 l of the disinfectant-virus mixture was left untreated, 50 l was treated with 50 g of PK/ml for 1 h on ice, and another 50 l was lysed with 2% (vol/vol) Triton X-100 prior to PK treatment. Protease digestion was stopped by the addition of 5 mM phenylmethylsulfonyl fluoride (AppliChem, Darmstadt, Germany), heating to 95°C for 10 min, and the addition of 50 l of 2ϫ protease inhibitor cocktail (one pill in 5 ml of TNE; Roche). The amount of core protein was determined using a corespecific ELISA.
Statistical analysis. A statistical analysis of all figures was performed using a one-tailed Student t test. P values were calculated, and differences are reported as significant if the P value were Ͻ0.05 (*), Ͻ0.01 (**), or Ͻ0.001 (***). Differences were considered not significant at P values of Ͼ0.05.
RESULTS

Effect of viral inactivation procedures on HCV infectivity and RNA genome stability.
In order to systematically analyze the effect of different viral inactivation methods, we used chemical disinfectants (Triton X-100, ethanol, 2-propanol, and PVP-I) in a quantitative suspension assay as depicted in Fig. 1 (15) . In these assays, nine parts of disinfectants were mixed with one part of the HCV Jc1 virus (23) , and the mixture was incubated at room temperature for 1 min. In case of heat and UV inactivation, the virus was preincubated with nine parts of DMEM before the respective inactivation. After the chemical treatment or preincubation, the viral infectivity was determined in a limiting-dilution assay (Fig.  1A) , and the viral particle-associated RNA was determined by quantitative RT-PCR (qRT-PCR) (Fig. 1B) . To investigate RNA genome stability, the virus associated RNA was purified and subsequently retransfected into human liver cells highly permissive for HCV RNA replication. Successful RNA replication was measured by qRT-PCR (Fig. 1C) and by the release of infectious particles using inoculation of Huh7.5 cells with cell culture supernatants (Fig. 1D) .
All of the chemical disinfectants (Triton X-100, ethanol, and 2-propanol) significantly reduced viral infectious titers at least 2 to 3 orders of magnitude to the level of detectable cytotoxicity induced by the disinfectants (Fig. 2A) . To verify that the susceptibility of the target cells for the virus infection was not influenced negatively by the treatment with the disinfectant, an interference control experiment was performed. We observed no difference in susceptibility of the target cells due to the disinfectant treatment (data not shown). For heat and UV treatment, no residual infectivity could be determined. Next, we purified the viral RNA from the differently treated samples and determined the amount of HCV RNA copies by qRT-PCR (Fig. 2B) . No difference between the nontreated control and the inactivation methods was observed. To determine whether the loss of infectivity was due solely to the inability of the virus particle to penetrate into cells via the normal route of entry or whether the viral genome itself was no longer infectious, we transfected the virus particle associated RNA into highly permissive Huh7.5 cells. Successful initiation of viral RNA replication was assessed by qRT-PCR (Fig. 2C) . Compared to the control-treated virus sample, no significant reduction was observed for the alcohol-treated specimen, a significant reduction for the Triton X-100-and PVP-I-treated samples, and no RNA replication was detected after treatment of the virus with UV radiation or heat. To further analyze whether infectious particles were released from the cells that still enable viral replication, the supernatants were harvested and used to inoculate naive Huh7.5 cells in a limiting-dilution assay. Productive infection of target cells similar to the control could be detected in the ethanol-treated sample, whereas treatment with Triton X-100, 2-propanol, and PVP-I resulted in a significant reduced virus production, and heat or UV treatment completely abrogated virus production (Fig.  2D ). In summary, these results indicate that some inactivation procedures exert a strong influence on viral RNA stability and integrity, whereas others apparently inactivate HCV by targeting different parts of the virus particle.
Effect of viral inactivation procedures on viral capsid and envelopment.
Besides the viral RNA, the viral capsid and envelope constitute possible targets for particle disruption by inactivation treatments. We analyzed whether the viral capsid was impaired due to the antiviral procedures. To this end, we measured the amount of core protein via core-specific ELISA after preincubation of virus with the respective chemical or treatment. As seen in Fig. 3A , the different inactivation methods had no effect on the total amount of viral capsid protein itself (Fig. 3A) . To dissect the effect on the viral envelope, we performed a proteolytic protection assay to determine the amount of protease-resistant, enveloped core protein after treatment. In the case of an intact envelope, externally added PK was not able to cleave the viral capsid because the protease has no access to the membrane-enveloped core protein. In contrast, treatment-induced disruptions of the viral envelope permits access of the protease to the viral capsid and thus results in a digestion of core protein, which can be quantified via core-specific ELISA (19) . To control that the concentration of PK used was sufficient to cleave core protein, we added a high dose of the detergent Triton X-100 as a positive control, which resolved all membranes. Only the UV-treated virus still showed protection against PK to levels comparable to those of the control-treated virus, indicating that the viral envelope was still mainly intact (Fig.  3B) . The two different alcohols, ethanol and propanol, as well as heat treatment, disrupted parts of the viral envelope, resulting in ca. 70, 40, and 30% PK protection, respectively. On the other hand, heat and Triton X-100 completely destroyed viral envelopment, whereas the PVP-I-treated samples were not detectable in this assay setup (Fig. 3B) . Taken together, UV light inactivation had no influence on the virus particle membrane, while chemical disinfectants and heat treatment destroyed the viral envelope rendering HCV noninfectious.
DISCUSSION
The use of viral inactivation methods is an essential part of infection control practices and plays an important role in the prevention of nosocomial infections. However, the exact antiviral mechanisms of these inactivation treatments are largely not well characterized (28) . For approaches allowing the interruption of infectious virus and sterilizing strategies, knowledge of the specific mode of action should improve the application of inactivation procedure and disinfection strategies. In the present study, we could show that different inactivation methods against HCV comprising treatment with Triton X-100 and use of the alcohols ethanol and 2-propanol, PVP-I, and heat, as well as UV irradiation, resulted in a loss of infectivity for the HCV particle. Further analyses revealed that each disinfectant method targeted different parts of the viral particle (Fig. 4) . Heat and UV treatment resulted in irreparable damage of the RNA and therefore in a loss of viral RNA replication. Heat treatment at 80°C, but not UV irradiation, further disrupted the viral envelope, rendering the viral capsid susceptible to proteolytic digestion. Even though we did not see an influence of either treatment method on the viral capsid, we cannot exclude that the viral capsid itself might also be damaged since the core ELISA is based on the detection of only a small part of the capsid (27) . It has been shown for other viruses that heat inactivation induces structural changes in viral proteins, which might cause the loss of infectivity (29, 30) and degrades the viral RNA (31, 32) . Whether heat inactivation influences only the viral proteins or also the RNA might depend on the applied temperature, as well as on the duration of heat administration. The same holds true for UV irradiation. UV irradiation, typically at a wavelength of 254 nm, is known to target nucleic acids, while leaving proteins largely preserved (29, 33) . However, both viral genome and protein damage have been reported previously due to UV irradiation (30, 34, 35) . Viral inactivation by alcohols is thought to be due to membrane damage and rapid protein denaturation (36) and, indeed, HCV RNA integrity was not compromised after treatment of the virus with either ethanol or 2-propanol. However, the viral envelope was damaged and resulted in a reduced protection of the capsid from externally added PK supporting the assumption that alcohols target the viral envelope. Both the actions of Triton X-100 and of PVP-I are thought to occur by targeting of the viral envelope. Triton X-100 is a nonionic surfactant commonly used as a detergent in laboratories that solubilizes proteins of the cell membrane (37), whereas PVP-I is a complex of iodine and a solubilizing carrier, which acts as a reservoir of "free" active iodine (38) . With both inactivation methods, we observed a mild reduction in the ability of the RNA to replicate after the transfection of virusassociated genomes, indicating that both treatments have an influence on the viral RNA. As expected, Triton X-100 treatment resulted in complete destruction of the viral envelope, rendering the core protein susceptible to PK digestion. However, the effect of PVP-I could not be completely determined since the disinfectant targeted the core protein even in the absence of PK in the untreated control within this assay setup. It could be observed that longer incubation of HCV with PVP-I resulted in decreased amounts of core protein (data not shown), suggesting that this disinfectant has a direct effect on the viral capsid and therefore simultaneously on the viral envelope. The antimicrobial mechanism of PVP-I has been described as a direct delivery to the bacterial cell membrane, where it rapidly penetrates into the microorganism and targets key groups of proteins, nucleotides, and fatty acids in the cytoplasm and cytoplasmic membrane (38) . The antiviral action against viruses has not been extensively studied, but it is likely that iodine attacks the surface proteins of enveloped viruses; it could also destabilize membrane fatty acids by reacting with unsaturated carbon bonds (39) . Furthermore, lipid-enveloped viruses are generally more sensitive to chemical inactivation methods than non-lipid-enveloped viruses (36) , which would support our assumption that the viral envelope constitutes a target for PVP-I. Interestingly, recent evidence suggests that some nonenveloped viruses such as hepatitis A virus and hepatitis E virus Chemical disinfectants and virus were mixed at a ratio of 10 to 1, and the mixture was incubated at room temperature for 1 min before the amount of HCV core protein was determined via core-specific ELISA. In the case of heat treatment or UV irradiation, the viruses were mixed at a ratio of 10 to 1 with DMEM and heated at 80°C for 5 min or UV irradiated before core-specific ELISA. (B) Proteolytic digestion protection assay to determine PK-resistant core protein. Therefore, one part was left untreated, one part was treated with 50 g of PK/ml for 1 h at 4°C, and another part was lysed in 2% Triton X-100 prior to PK treatment. The amount of protease-resistant core protein was quantified with a core-specific ELISA. Depicted are the means plus the standard deviations for at least three independent experiments. n.d., not detected. Statistical analysis was performed using a one-tailed Student t test.
circulate in the blood of infected patient or animals enveloped in host-derived membranes but are shed as nonenveloped viruses. The two types of particle, enveloped and nonenveloped, appear to be equally infectious but are probably differently stable in the environment (40, 41) .
In conclusion, different viral inactivation methods target specific parts of HCV particles as an example of an enveloped virus. Although heat and UV treatment mainly damage the viral genome stability, alcohol disinfectants cause a disruption of the virus particle membrane. Understanding virus inactivation on a basic mechanistic level will aid to predicting the susceptibility of nonculturable virus strains and should improve methods for combating viral transmission and inactivation.
